Abstract. The behavior of the electromagnetic (EM) launcher depends on the structure of the construction. The dynamics of the EM construction and the local effects of the EM forces are topical issue in exploring and designing EM launcher device. This paper is aimed to refine mechanical behavior of the open barrel design EM launcher structure due to EM force evaluated by EM analysis based on three different shapes of armatures. The 3D finite element EM model was generated and the J×B force density distribution in the rail volume was calculated. The results of EM model calculations were applied further as input for structural mechanics model. The results of the finite element EM and mechanical analysis of the armatures influence are presented.
Introduction
The linear Electromagnetic (EM) launcher is the mechatronic accelerating device aimed at accelerating small mass bodies or other devices such as nan satellite. The idea of linear EM launcher was put forward in the 19th century. The first efforts to develop an EM launcher were undertaken by Kristian Birkeland in Norway. Over the last 100 years, many experiments have been made in order to improve the launcher design and to create more powerful devices. The earlier researches on the subject are reviewed in [1] . A scenario for a future developments in Europe [2] presumes the potential possibility to reach muzzle velocities higher than 2.5 km/s. EM accelerators cover a wide range of applications. This article deals with an accelerator type, known in the literature as railgun. The mechanical structure of the device presents two electric current-conducting rails and an armature between them [3, 4] . The power supply equipment (e.g. a capacitor and a pulse forming unit) and other components (e.g. switches) are required in order to operate an EM launcher. The strong electrical currents used on conducting materials result the strong Lorentz forces. In particular the projectile is accelerated by the Lorentz force acting on the armatures. Advances in EM launch science and technology can be found in [5, 6] .
Despite of common physical principles, different structural concepts have been implemented to withstand repelling forces. The experimental research facility of RApid FIre RAilgun (RAFIRA) designed and explored in French-German Institute of Saint Louis (ISL) [7, 8] . The facility presents open barrel design housing consisting of two bars of length 3000 mm connected by a set of bolts in order to resist the rails repelling force. The model can operate in multi-shot mode (up to three shots in a row). The view of the EM launcher is shown in the Fig. 1(a) .
Operational setup ( Fig. 1(b) ) illustrates that the accelerating motion of armature is of complex multi-physical nature. Investigation of EM is performed by combining different techniques and increasing role of numerical simulations gives an opportunity to detect data which are difficult to obtain experimentally. Usually, mechanical calculations are considered in simplified manner independently on electromagnetic properties [9, 10] . The uniform magnetic pressures acting on the rail surfaces (high-frequency approximation) and repelling the rails from each other's were evaluated on experimental results. Recent developments in the field of computational physics allow apply complex multi-physical (electromagnetic-mechanical) analysis [11] . This paper is aimed to refine mechanical behavior of the armature-rail interaction in linear EM launchers due to volume distribution of EM force. 
Governing equations and computational method
Multi-physical nature and complex 3D geometry of the railgun complicate numerical simulation. Different simplified engineering and quite complex continuum models recently applied for simulation purposes are reviewed in [12] . Considering railgun as continuum, EM behavior could be described using Maxwell equations. Generally, EM analysis of railgun is limited to evaluation of magnetic field . Consequently, the straight-forward finite element method (FEM) formulation limiting to a magnetic vector potential may be used [13] :
Therefore, in order to present the vector potential solution, the definition of magnetic vector potential can be used:
(
It can be shown that obeys the following equation [14] :
where ′ is the volume of space filled with charges, the quantities of , are the distance from zero point till current caring point and from zero point till calculating point, is the current density at certain point and is the magnetic permeability. The integration is performed in the entire space including conductors and nonconductive regions. The EM force density applied on the rails is determined as Lorentz's force × . The resultant magnetic force acting in the specified volume is calculated by integrating the EM force density over volume of conducting parts:
The integrated magnetic force is used further for solving the mechanical models as external load.
Mechanical characterization of structure displacements and stress during launching is established using the EM forces Eq. (3). The basic equation of motion solved by a finite-element transient dynamic structural analysis is:
where is mass matrix, is damping matrix, is stiffness matrix, is nodal acceleration vector, is nodal velocity vector, is nodal displacement vector, and ( ) is the load force. The developments of the FEM as well as the numerical analysis of the EM and mechanical models according to Eqs. (1-4) were done using FEM software COMSOL.
Results and discussion
Two different, EM and structural, 3D FE models of the RAFIRA railgun ( Fig. 1(a) ) were developed.
For 3D EM modeling various simplifications were introduced. The model geometry is described in Cartesians coordinates, where axis points longitudinal direction, i.e. direction of projectile motion, while axis points direction of the rails repelling force. Regarding the symmetry of the barrel, the structure is symmetric with respect to -andplanes, and only the positive quadrant is considered. Thus, the EM model includes the half of a rail and housing bar and one quarter of armature [15] . The computational domain is not restricted to the structural part, but also involves the ambient air which is necessary for magnetic field calculations.
Three different types of armature were investigated by considering rail-armature interaction. The models setup are illustrated in Table 1 . The cuboid armature presents single cuboid having size of rail width, while the distributed armature consists of four copper cylinders. For EM simulations the numerical model was used which is verified in [16] . In previous model the rail-armature model with copper cuboid armature was investigated. Essential results of EM simulation are illustrated in Fig. 2 , where 2D distributions of the y-component of EM force density in the form of colored contour plots were presented. The results obtained for distributed armature clearly show the local armature shape dependent distributions of the force density. Uniform distribution on the sliding surface ( Fig. 2(a) ) illustrates dominance of the skin effect occurring outside the contact. Two different variations in vertical longitudinal sections, central section A (Fig. 2(b) ) and section B (Fig. 2(c) ) illustrate inhomogeneity of cross-sectional loading. This undesirable effect indicates available imperfection of the sliding surface, which may lead to instability of projectile motion. In the case of C-shape armature (Fig. 2(d) ), the different local force density distribution was observed.
A 3D structural FE model of the RAFIRA railgun shown in Fig. 3 was prepared. Considering the symmetry, it comprises only one half of the rail section and one half of the supporting bar. The steel bolts playing the role of discrete supports were replaced by an elastic foundation layer continuously supporting the bar (Fig. 3) . The volume of the structure is covered by the orthogonal grid used for generation of the finite element mesh, where rectangular parallelepipeds are applied for the volume EM force load discretization. The discrete EM forces received from EM analysis calculations. The volume of the rail is divided into (5×4×10) mm sized cells (Fig. 3(b) )), but smaller (5×2×10) mm cells were used for description of skin effect near the sliding surface ( Fig. 3(a) ). The results of the EM calculations were used as load for mechanical calculations using the model described in Fig. 3 . The obtained EM forces were recalculated according to Eq. (3) and inserted into mechanical model Eq. (4).
Among various mechanical criteria, the gap between the rails is significant parameter governing the efficiency of energy transition from capacitor to projectile. Even small imperfection of the rail surface in range of several dozens of microns change the gap and may contribute the motion of the projectile.
Three different selections of the forces obtained during the rail-armature interactions for the armature shapes listed in table 1 were applied for evaluation of the rail displacements. Simulation results in terms of displacement profiles of the central section of the rail surface are plotted in Fig. 4 .
As was expected, an influence of the armature can be stated for three cases. The amplitude changes in comparison to the three armatures cases are about 0.05 mm. The highest contribution to deformation of the rail surface is due to influence of C-shape armature, because the rail surface displacement is influenced not only from EM force in the rail but also from the C-shape armature [17] . The lowest impact to the rail form armature was obtained with distributed armature. This can be due to distributed Lorentz force distribution in the armature region. The current flow does not have high concentration at each point. The effect of armature propulsion was not taken into account. The point out that at the shape of the armature one should try to be as precise as possible because it is exactly there where the sliding electrical contact may be influenced by rail displacements. 
Conclusions
The contribution of EM rail-armature interaction is demonstrated, and some conclusions are formulated as follows. The numerical results obtained by electromagnetic FE analysis describe the distribution of magnetic field and EM force volume density over the rails volume of an EM launcher. The smooth transitional character of the longitudinal variation of the dominant repelling force component is shown, where increased contribution in the vicinity of the armature, but reduced effect in the longer distance is estimated. As a result of EM analysis, corrected profile of the rail displacement and more realistic variation of inter-rail gap is obtained. Additionally, the observed non-uniform transversal variation of the EM force component in the rail section indicates effect of the transversal bending, which could have influence of construction stability during launching process. The local effect also demonstrates the small difference between different types of armatures. The lowest impact to mechanical deformation of rail surface is shown by using of the distributed armature.
